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Maturation of the developing renal glomerulus with respect to base.
ment membrane proteoglycans. Maturation of extracellular matrices in
relation to heparan sulfate proteoglycans was investigated during gb-
merular development. Antibodies directed against the core—protein (Mr
= 18,000) of the basement membrane heparan sulfate—proteoglycan
were utilized. The IgO fraction of the antibodies was conjugated with
either fluorescein or rhodamine or '251-iodine. The fluoresceinated and
radioiodinated antibodies were given intravenously to three—day—old
rats; their kidneys were obtained 6, 48, and 120 hours later and
processed for immunohistochemical and tissue autoradiographic stud-
ies. At six hours (day 0), matrices of all the stages were labeled. The
labeling was lowest in the vesicle stage and highest in the capillary
stage. The autoradiographic grain—densities of vesicle, S-shaped,
precapillary, and capillary stages were 10.62 0.54, 7.44 0.65, 11.37
1.03, and 18.35 1.97, respectively. After 48 hours (day 5), the
grain—density for S-shaped body decreased from 7.44 0.65 to 4.38
0.61, while no appreciable change in the precapillary and capillary
stages was observed. At this time interval, the fluorescein—labeled
glomeruli were seen in the deeper cortex only. After 120 hours (day 8),
the grain—density for the capillary stage decreased from 18.35 1.97 to
2.82 0.92. The double—labeling experiments included a second
injection of rhodaminated antibody at 48 hours (day 5). In these
experiments, newly developed glomeruli of varying stages were seen in
the superficial cortex. With the use of double filters, the immature
glomeruli in the superficial cortex and mature ones in the deeper cortex
were visualized. These data indicate the following: (a) during develop-
ment, there is a concomitant appearance of extracellular matrices and
proteoglycans; (b) the concentration of proteoglycans, as measured in
terms of absolute number of autoradiographic grains, seems to rise
dramatically at the time of epithelial—mesenchymal cells interaction,
that is, at the S-shaped body stage; and (c) removal of the antibody
bound to the core—protein or, alternatively, the turnover of the
core—peptide of proteoglycan appears to be of a few days' duration.
The renal glomerulus, an intricate sieve of mammalian
vasculature, undergoes a series of development stages (vesicle,
S-shaped body, precapillary, and capillary) during its matura-
tion [1—3]. In rats, at birth and a few days after life, a gradient
of these stages can be seen spanning from underneath the renal
capsule towards medulla, the mature glomeruli being present in
the cortico-medullary region. The mature glomerulus is made
up of three cell types, that is, epithelial, endothelial, and
mesangial, and two extracellular matrices, that is, glomerular
basement membrane (GBM) and mesangial matrix (MM) [4].
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The extracellular matrices are made up of various connective
tissue proteins, namely type-IV collagen [5], laminin [6],
entactin [7], and heparan sulfate proteoglycans [8, 9]. They, by
integration with cellular elements, modulate the macromolecu-
lar traffic across the renal capillaries. In this regard, it can be
safely stated that the proteoglycans, along with the cell
surface—associated sialoglycoproteins, apparently impart charge—
selective barrier properties to the glomerular capillaries and
restrict the passage of molecules as follows: anionic > neutral
>> cationic [10, 11]. The selective role of GBM proteoglycans
in the regulation of flow of macromolecules has been convinc-
ingly demonstrated in the mature glomerular capillaries [12].
A very limited number of studies have been carried out on the
development of glomerular capillaries with respect to proteo-
glycans [1, 3, 13]. Histochemically, the presence of heparan and
chondroitin sulfates has been demonstrated [14]; however, the
de nova synthetic studies with [35S]-sulfate have indicated the
presence of a single major specie of proteoglycans, that is,
heparan sulfate proteoglycan (HS-PG), in the developing capil-
laries of the glomerulus [131. In these de novo studies, status of
proteoglycans inclusive of "all stages" of the developing gb-
merulus was reported. Thus, the issue regarding various devel-
oping stages of glomerular capillaries relative to proteoglycans
remain unaddressed. In the present investigation, in vivo devel-
opment of glomerular capillaries was studied by utilizing anti-
body techniques, the antibody being directed to the core
peptide of HS-PG of the GBM [15].
Methods
Animals
Charles River F-344 rats of 18 to 20 days pregnancy were
obtained and maintained in in—house animal facilities until
delivery. At the day of delivery, the newborn rats were desig-
nated to be one day old.
Preparation and conjugation of antibody
The core—protein (Mr = 18,000) of GBM:HS-PG was used as
the immunogen. Polyclonal antibodies were raised in rabbits
and IgG fraction obtained. The preparation of the antigen and
antibody of the authenticity of its specificity have been detailed
in previous publications [15, 16]. The IgG fraction of the
antibody was conjugated either with fluorescein or rhodamine
or 1251-iodine. For conjugation with rhodamine and fluorescein,
0.05 mg of flurochrome was mixed with 1.0 mg of IgG in
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carbonate—bicarbonate buffer, pH 9.0. The mixture was stirred
at 4°C overnight. Free fluorochrome was removed by dialysis
against phosphate—buffer saline (PBS), pH 7.4, followed by
Sephadex (G-25) chromatography. The final concentration of
antibody was adjusted to 1 mg/mI in PBS. Radio-iodination of
IgG-antibody was carried out by the method of glucose
oxidase:lactoperoxidase as previously described [17, 18]. The
free '251-iodine was removed by extensive dialysis against PBS
followed by Sephadex (G-25) chromatography.
In vivo labeling of extra cellular matrices
The labeling of extracellular matrices was carried out with
anti-HS-PG antibodies conjugated either with fluorescein, rho-
damine, or '251-iodine. Three—day—old rats were anesthetized
with ether and received injections of conjugated antibodies via
saphenous vein. Subsequently, the rats were returned to their
mothers and sacrificed at varying intervals.
A total of 20 newborn rats (experimental group) was used for
experiments with fluorescein and rhodamine. Initially, all of
them received 0.25 ml (1 mg/ml) of antibody conjugated with
fluorescein. At this concentration, that is, 2.5 mg/100 g body
weight, no untoward effects such as polymorphonuclear infil-
tration in the glomeruli were observed. Four animals were
sacrificed six hours later, the time when most of the antibody
has cleared from the circulation and bound to the extracellular
matrices. Their kidneys were obtained: 4 m cryostat sections
were made and examined with immunofluorescent microscopy.
On day 5, four more animals were sacrificed, and another four
were injected with antibody conjugated with rhodamine to label
the matrices of newly developed glomeruli. Their kidneys were
taken six hours after the injection and processed for im-
munofluorescent microscopy. Similarly, the day-S protocol was
repeated at day 8 for the remaining eight (4 + 4) newborn rats.
Each time interval also included two control animals injected
with normal rabbit IgG conjugated with fluorescein or rho-
damine.
For indirect immunofluorescence, cryostat sections of kid-
neys from uninjected animals were first incubated with rabbit
anti-HS-PG and followed by reincubation with anti-rabbit IgG
conjugated with fluorescein.
For experiments with antibody conjugated with '251-iodine, a
total of 12 animals (experimental group) was used. After an
intravenous injection of 0.25 ml of anti-HS-PG antibody (1.0
mglml, 106 DPM/ml), the animals were sacrificed in groups of
four on days 3, 5, and 8. Two control animals for each time
interval were injected with '251-iodine. The kidneys from con-
trol and experimental groups were fixed by intracardiac perfu-
sion with Karnovsky's aldehyde fixative and processed for
light- (LM) and electron—microscopic (EM) autoradiography.
The exposure time for the development of grains varied from
one to four weeks. The LM autoradiograms from sections
exposed for one week were chosen for quantitation. The
remaining sections, thick as well as thin, were exposed for two
to four weeks and used for illustrative purposes.
Morphometric analysis
LM autoradiograms were utilized for morphometric analysis.
Five to seven micrographs of each of the stages from days 3, 5,
and 8 were photographed and printed to a final magnification of
x 1500. In each of the developing stages of the glomerulus, the
grain—density (concentration of radiation: number of grains/area
of a given compartment) was determined on the extracellular
areas as previously described [13, 15, 17, 181. The area of a
given compartment was determined by the point—counting
method described by Weibel [19]. The correspondence of
extracellular areas to the extracellular matrices was confirmed
by EM autoradiography.
Results
The detailed description of various developmental stages of
glomerulus has been reported by Reeves, Caulfield and
Farquhar [1]. Briefly, the vesicle stage is recognized as an
aggregate of undifferentiated cells. With the invasion of
mesenchyme, it differentiates into the S-shaped body stage.
During this stage, the epithelial cells become organized into a
layer of columnar cells joined by intercellular occluding junc-
tions, at the bases of which rudimentary basement membranes
appear. During the precapillary stage, the epithelial cells be-
come further differentiated, and the basement membranes get
more organized. The latter are lined inside by the unfenestrated
endothelium. Upon further maturation, the endothelium be-
comes fenestrated, and the GBM becomes stratified into lamina
rara interna (LRI), densa (LD), and externa (LRE). The cen-
trally located mesangial or stalk cells become easily recogniz-
able and are seen embedded in the basement membrane—like
material, the so—called mesangial matrix (MM).
Indirect immunofluorescence
At day 3, all stages can be recognized in the same section
(Fig. 1A). The vesicle and S-shaped body stages are found
immediately underneath the renal capsule, while precapillary
and capillary stages are seen in the superficial and deeper renal
cortices, respectively. By indirect immunofluorescence, the
presence of HS-PG in extracellular matrices was visualized in
all stages of the glomerulus (Fig. IA). The intensity of staining
seemed to be the lowest in the vesicle stage and highest in the
mature capillary stage. In the mature capillary stage, a regular
linear immunofluorescence, indicative of exclusive staining of
the GBM, was observed.
In vivo localization of HS-PG with antibodies conjugated
with fluorescein or rhodamine
At day 3, the pattern of fluorescence seemed to be more or
less similar to that described above for indirect immunofluores-
cence on renal sections obtained from animals injected with
fluoresceinated IgG anti-HS-PG. The renal sections obtained
from animals injected with "normal" rabbit IgG conjugated
with fluorescein did not exhibit any fluorescence. At day 5, the
apple—green fluorescence beneath the renal capsule, which
included vesicle and S-shaped body stages, completely disap-
peared and was mainly confined to the capillary stage all the
way into the deeper cortex (Fig. 1B). The day-S animals,
injected with IgG anti-HS-PG conjugated with rhodamine,
revealed red fluorescence in the renal sections, beginning
underneath the capsule and extending all the way into the
deeper cortex (Fig. 1C). The staining was primarily seen in the
precapillary stage and occasionally in the S-shaped body stage,
as well as in the superficial cortical region. Very few glomeruli
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in the vesicle stage are seen at this age. One could also visualize
the newly developed glomeruli in the superficial cortex and
mature ones in the deeper cortex and medulla by double
exposure with green and red filters (Fig. 1D). Similar results
were obtained with sections obtained from animals sacrificed on
day 8. However, the intensity of fluorescence somewhat less-
ened in the glomeruli in the deeper cortex as compared to day
5. These qualitative findings indicated that the glomeruli mature
from vesicle to capillary stage within a time—frame of about five
days with concomitant appearance of HS-PG in the extracellu-
lar matrices.
Fig. 1. Low magniji cation
immunofluorescence micrographs of renal
sections from uninjected (A) and injected (B,
C, and D) animals. A: Sections were
incubated with rabbit anti-HS-PG followed by
incubation with fluoresceinated anti-rabbit
IgG. The extracellular matrices of all stages,
that is, vesicle (V), S-shaped (S), precapillary
(P), and capillary (C) stages, exhibit
fluorescence to varying degrees, the lowest
being in the vesicle stage. B, C, and D:
Sections were taken from animals injected
with fluoresceinated anti-HS-PG on day 3 and
re-injected with rhodaminated anti-HS-PG on
day 5. In micrograph B, the fluorescence from
the immature glomeruli in the superficial
cortex (above the dotted line) has
disappeared, while they can be visualized in
micrograph C after using the rhodamine filter.
Micrograph D illustrates the presence of
immature and mature glomeruli at the same
time after a deliberately displaced double
exposure with green and red filters. x 70.
In vivo localization of HS-PG antibodies conjugated with
'251-iodine
Experiments with radioiodinated antibodies yielded further
quantitative information pertaining to the maturation of the
glomeruli. At day 3, the autoradiographic silver grains were
seen localized to the extracellular matrices of all stages of the
glomerulus (Figs. 2, 3, 4, and 5). The grain—densities over the
vesicle, S-shaped body, precapillary, and capillary stages were
10.62 0.54, 7.44 0.64, 11.37 1.03, and 18.35 1.97,
respectively (Table 1). In the vesicle stage (Figs. 2A and 3A),
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Fig. 2. Light microscopic autoradiograms of renal sections from three-day-old animal injected with radio-iodinated anti-HS-PG and sacrificed at
6 hours (A-D and H), 48 hours/day 5 (E, F), and 120 hours/day 8 (G). Micrograph H illustrates the various gradations of concentration of grains
over different stages of glomerular development at day 3. A—G: X 400; H: X 100.
the grains were seen localized around the cluster of aggregte of
cells. During the S-shaped body stage (Figs. 2B and 3B),
maximum number of grains were seen in the cleft region (Fig.
2B, arrow). This is the region where mesenchymal invasion and
concomitant accentuated synthesis of extracellular matrices
occur. However, the grain—density was somewhat less com-
pared to the vesicle stage, which apparently may be due to the
increase in the overall surface area in the S-shaped body stage
and especially that of the cleft region due to the invasion by the
surrounding mesenchyme. In the precapillary stage (Figs. 2C
and 4), the epithelial (Ep) cells are well differentiated and are
recognized as columnar cells arranged peripherally to the
developing basement membranes. One can also recognize
mesangial (Me) and endothelial (En) cells at this stage. The
mean grain—density over the extracellular matrices of the
precapillary stage was 11.37 1.03. In the mature capillary
stage (Figs. 2D, 5A—B), all the cell types are well developed and
easily recognizable. One can visualize RBCs (Fig. 5A) in
well—vascularized fenestrated capillaries, along with matured
GBM and visceral epithelial foot processes (Fig. 5B). At this
stage, the autoradiographic grains could be seen localized to the
extracellular matrix components, that is, GBM (Fig. 5B). Since
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At day 5, the respective grain—densities for S-shaped body
(Fig. 2E), precapillary (Fig. 2F), and capillary stages were 4.38
0.61, 10.87 1.92, and 18.25 2.03 (Table 1). The reduction
in the grain—density over the S-shaped body stage may be
related to increase in the surface area which occurred during its
transition from the vesicle stage over two days of development.
A lesser number of grains was seen in the cleft region of the
S-shaped body (Fig. 2E, arrow).
At day 8, a dramatic reduction in the number of grains
localized over the extracellular matrix, that is, GBM, was
observed (Fig. 2B). The grain-density also dropped to 2.82
0.52 (Table 1), indicating that a rapid removal of the bound
antibody or, indirectly, that of the extracellular matrix, oc-
curred during the five days of development of glomerular
capillaries.
Discussion
Fig. 3. Electron microscopic autoradiograms of the vesicle (A) and
S-shaped body (B) stages at day 3, exhibiting the grain localization to
the extracellular matrices (arrowheads). The maximum number of
grains are seen in the cleft region (arrow) of the S-shaped body (S)
stage. x 1600.
mature capillaries are well vascularized and accessible to the
circulating antibody, therefore, the GBMs at this stage had the
highest grain—density, that is, 18.35 1.97. No appreciable
change in the surface areas was observed among the last three
stages of glomerular development.
The results of this investigation indicate that during matura-
tion of glomeruli and development of extracellular matrices
there is a concomitant appearance of proteoglycans, that is,
HS-PG. The concentration of core—peptide of HS-PG varied
depending upon the stage of development, the lowest being in
the vesicle stage and highest in the mature capillaries.
The fact that the highest concentration of HS-PG was seen in
the mature capillaries would suggest that the capillaries at this
stage are fully developed and that HS-PG can impart charge—
selective barrier properties to the GBM. This is in keeping with,
to a certain extent, the conclusions drawn by other investiga-
tors from the studies on the development of filtration barrier in
rat kidneys during the postnatal period [1, 2]. These studies
indicated that the maturation of the GBM with proper organi-
zation of its various components, presumably HS-PG, is the
major factor which contributes to the development of glomer-
ular filtration rate (GFR) and its restrictive charge—selective
barrier properties to anionic proteins such as ferritin and
albumin [18, 20]. Along with the development of charge—selec-
tive properties, the high concentration of HS-PG would also
prevent the adsorption of plasma proteins, that is, albumin into
the GBM by virtue of its electronegativity and hydrophilicity. It
should be noted that the GBM is directly exposed to the blood
stream in mature fenestrated capillaries and thus liable to be
clogged by the circulating proteins. In doing so, the HS-PG acts
as an anti-clogging agent while maintaining a constant solute
flow across the glomerular capillaries, that is, GFR [12, 211.
With the use of double—antibody techniques, we were able to
trace the development/maturation of the glomeruli and their
extracellular matrices. It appears that the maturation of glomer-
ulus and appearance of well—organized matrices take about five
days from the vesicle to mature capillary stage. In addition, it
seems that at the time of mesenchymal invasion, that is,
S-shaped body stage, there is a sudden increase in the concen-
tration of proteoglycans (Fig. 2B), as reflected by the presence
of an enormous number of autoradiographic grains (Table 1).
This can be interpreted that the interaction of mesenchymal and
epithelial cells, during S-shaped body stage, somehow induces
the laying down of proteoglycans and, presumably, also of
other components of extracellular matrices, Such interactions
were well described in various other biological systems [22—26].
The quantitative data pertaining to the development of other
components, namely type-IV collagen and laminin, are not
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Fig. 4. Electron microscopic autoradiogram of precapillary stage (day 5) exhibiting silver grains over the immature basement membranes
(arrowheads). The epithelial (Ep), endothelial (En), and mesangial (Me) cells are recognizable. x 4300.
available in the literature. However, the qualitative studies do
suggest that the concentration of laminin and type-IV collagen
and fibronectin do increase abruptly during the S-shaped body
stage and are readily demonstrable by immunohistochemical
techniques (3, 27, 28]. Comprehensively, the data from the
present investigation and past studies indicate that all the major
components of the extracellular matrix appear at the same time
and mature in a similar manner.
Very limited concrete comments can be made from the
presently available data regarding the turnover of HS-PG during
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Fig. 5. Electron microscopic autoradiograms of capillary stages (day 8) exhibiting grains over the glomerular basement membrane (GBM)
indicated by arrowheads in micrograph A and by arrows in B. Epithelial (Ep), endothelial (En), and mesangial (Me) cells are readily recognizable.
In micrograph B, the epithelial foot processes (fp) and intercellular occluding junctions (arrowheads) can be seen. A: x 4300; B: X 30,000.
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Table 1. Morphometric analysis of HS-PG present in extracellular matrices in various stages of glomerular development
Day 3
Vesicle S-shaped Precapillary Capillary
Grains Area Grain—density Grains Area Grain—density Grains Area Grain—density Grains Area Grain—density
107
97
80
182
172
10 10.7
9 10.8
7 11.4
18 10.1
17 10.1
385
418
216
408
423
323
291
52 7.6 325
55 7.6 478
36 6.0 392
53 7.7 689
53 8.0 288
42 7.7 371
39 7.5
31 10.5
39 12.3
38 10.3
54 12.8
27 10.7
42 11.6
1040
869
1182
638
508
477
50 20.8
44 19.8
60 19.7
39 16.4
30 17.0
29 16.4
10.62 0.54a 7.44 0.65a 11.37 1.03a 18.35 l.97a
DayS Day8
S-shaped Precapillary Capillary Capillary
Grains Area Grain-density Grains Area Grain-density Grains Area Grain-density Grains Area Grain-density
205
182
205
134
167
252
266
43 4.8
42 4.3
50 4.1
40 3.3
40 4.2
51 4.9
52 5.1
388
263
345
409
157
403
243
34 11.4 670
20 13.1 906
27 12.8 704
35 11.7 738
20 7.8 536
42 9.6 1007
25 9.7
38 17.6
52 17.4
41 17.2
42 17.6
31 17.3
45 22.4
144
100
95
127
284
165
53 2.8
48 2.1
42 2.26
54 2.35
62 4.6
58 2.84
4.38 0.6la 10.87 l.92a 18.25 2.03a 2.82 0.92a
a Mean SD
glomerular development. Moreover, the information pertaining
to the turnover of extracellular matrices, as a whole, is incom-
plete and sketchy. The major obstacle had been the inherent
difficulty in labeling the matrices with radioactive precursor
products. Secondly, the glomerular structures are not in a
steady state during development. The morphological studies, in
which silver salts were employed for labeling the matrices of
adult animals, indicate the turnover of the whole GBM to be of
several months' duration [29]. These studies are probably
reflective of the turnover of lamina densa, the region enriched
with collagenous glycoproteins to which the silver salts bind
avidly. More or less similar conclusions were drawn from
biochemical studies where radioisotopic precursor products for
type-IV collagen were employed [30]. The latter studies, how-
ever, do not suffer from the criticisms of clearance of the silver
salts bound to the extracellular matrices. Thus, the ligand
binding studies are in a way a very indirect reflection of the
turnover of extracellular matrices or their components. In spite
of this criticism, using laminin antibodies, Abrahamson de-
duced the turnover of laminin, a glycoprotein enriched in the
lamina densa, to be in the order of a few days' duration in the
developing glomerulus [27]. In the same vein, if one could
consider the removal of the bound ligand as a measure of
turnover of a given component, then we may be able to say that
the turnover of the core—protein of HS-PG is quite rapid during
glomerular development. This is reflected by the decrease in the
grain—density from 18.35 1.97 to 2.82 0.92 during the third
to eighth days of development of capillary stage, with no
concomitant appreciable change in the surface area of the
extracellular matrix, that is, GBM (Table 1). Admittedly, one
has to account for the clearance of the antibody bound to a
given component of the extracellular matrix in this scenario.
The HS-PG antibody clearance in the adult animals, where the
GBM structures are stable, is rather slow. Only about 25% of
the bound antibody is removed over a period of five to seven
days beginning from the time interval when the antibody has
cleared from the circulation [15]. Here, one can assume that
one—fourth of the bound label may have been removed by the
intraglomerular hemodynamic shear forces during this time
frame. Interestingly, the [35S]-sulfate incorporation biochemical
studies indicate a half—life of HS-PG to be six to seven days'
duration [311. The relatively slower turnover of the antibody
bound to the HS-PG may be reflective of the turnover of the
core—peptide, whereas the [35S1-sulfate incorporation may be
that of the glycosaminoglycan (GAG) chains. Thus, it may be
that the core—peptide has a relatively slower turnover rate than
that of the chains. Regardless of the shortcomings in these
studies, the fact remains that the antibody bound to the HS-PG
is rapidly removed during development. Whether this can be
attributed to the differences in the turnover rates of newborn
versus adult glomerular core—peptide HS-PG remains an open
question.
Finally, the turnover rate for GAG chains is probably dif-
ferent from that of the core—peptide of the HS-PG, and it
remains to be investigated. The most accurate way to study the
differential turnover rate of GAG chains and core—peptide of the
HS-PG during glomerular development would be to metaboli-
cally label the individual components of HS-PG followed by
tracking the disappearance of the radiolabel with lapse of time.
Such studies, although cumbersome, would be the subject of
future investigations.
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